Introduction-Most vaccines are administered by intramuscular injection using a hypodermic needle and syringe. Some limitations of this procedure include reluctance to be immunized because of fear of needlesticks, and concerns associated with the safe disposal of needles after their use. Skin delivery is an alternate route of vaccination that has potential to be painless and could even lead to dose reduction of vaccines. Recently, microneedles have emerged as a novel painless approach for delivery of influenza vaccines via the skin.
Introduction
The modern history of vaccination began in 1796 when Edward Jenner used the cutaneous administration of a virus preparation from a milkmaid for prevention of smallpox [1] . A modification of this process using a bifurcated needle was subsequently employed for the successful global campaign, resulting in eradication of this disease [2] . More recently, a number of studies have been performed using vaccines administered by the intradermal route and have been recently reviewed [3] [4] [5] . Two examples of live recombinant viral vectors, simian adenovirus type 63 and modified vaccinia Ankara (MVA) have also been used for skin immunization of mice with a candidate malaria vaccine, and were found to induce antigen-specific CD8 + T-cell responses [6] . Administration of the BCG tuberculosis vaccine via the skin is another example of skin-based vaccination currently being practised.
While hypodermic injections have formed the mainstay for intradermal vaccine delivery for many decades, recently, multiple new technologies have been developed that allow for elegant ways to deliver vaccines into the skin. Influenza virus continues to devastate human lives each year. It produces severe respiratory illness and has the potential to produce pandemics, as evident from the past pandemics of 1918, 1957 and 1968 , and the recent 2009 pandemic. A holistic approach to a successful mass influenza vaccination requires synergistic optimization between vaccine dose, logistics of vaccine transportation, and administration to vaccinees. Recent studies have shown that influenza vaccine delivery to the skin not only leads to dose reduction, but the use of innovative technologies can also allow for painless and self-administratered vaccination. In the following sections, we summarize different skin-delivery technologies and focus discussion on the use of microneedles for influenza vaccination.
Immunological competence of skin as an attractive compartment for vaccine delivery
The skin provides a protective barrier around the human body and isolates it from the surrounding environment. The physical barrier is offered predominantly by the upper 10 -20 µm of the skin layer called the stratum corneum (SC), a layer made of dead cells ( Figure  1) [7] . In addition to the physical barrier that prevents pathogen entry, the skin is also endowed with a rich population of immune cells to mount an immune response if its barrier function is compromised due to nicks and cuts [8] . These immune cells include Langerhans cells (LCs) that reside in the viable epidermis and dermal dendritic cells located in the collagen-rich dermal layer of the skin (Figure 1) [8, 9] . Both LCs and dermal dendritic cells are potent antigen-presenting cells (APCs), which help to process and present pathogenderived antigens to mount an adaptive immune response [10, 11] . Considering the richness of the skin in APCs, delivery of vaccines to this compartment has the potential to induce potent immune responses.
Strategies for vaccine delivery to the skin
The natural barrier property of the skin's SC layer, which prevents pathogen entry, also poses a tremendous barrier to delivery of vaccines into the skin. To overcome the barrier posed by SC to vaccine delivery, three basic strategies are employed ( Figure 2 ): i) SC disruption; ii) SC removal; and iii) SC penetration.
SC disruption
The underlying principle of this approach is to transiently modify or disrupt the structure of SC to increase its permeability, allowing successful diffusion of large vaccine molecules into the skin. Multiple techniques have been used to modify or disrupt the SC structure.
3.1.1 Chemical enhancers-Various chemical compounds have been found to disrupt the ordered structure of SC to increase its permeability. Using these compounds, vaccination studies have been performed to demonstrate that antigen-specific antibodies can be generated upon topical application of ovalbumin as a model antigen [12] . However, the low uptake of vaccine antigen necessitates high antigen doses, and delivering viral particles as vaccines using this approach continues to be challenging.
Ultrasound-Low-frequency
ultrasound has been successfully used to increase skin permeability. Bubble cavitation in the liquid applied between the skin and the ultrasound probe to obtain acoustic transmission into the skin is now considered to be primarily responsible for this permeabilization effect. Using this approach, tetanus toxoid has been delivered to the skin, and it was found that a 10-fold higher antibody titer was obtained in comparison to a subcutaneous injection of tetanus toxoid [13] .
Electroporation-Application
of high voltage for short durations has been shown to enhance skin permeability. In one study, DNA expressing poxvirus antigen was delivered to the skin using electroporation, and the resulting immune response was protective against a lethal challenge of vaccinia virus [14] . In another study, electroporation was used to deliver DNA encoding hepatitis B surface antigen to pigs, resulting in antigen-specific serum antibodies [15] . DNA encoding influenza antigen has also been delivered [16] . In this study, intradermal injection was used to inject DNA, while electroporation was used to enhance DNA transfection into cells of the skin.
SC removal
As SC is the predominant barrier to vaccine delivery to the skin, various techniques have been used to assess whether partial or complete removal of SC can enable delivery of vaccine antigens in to the skin.
3.2.1
Tape stripping-One of the earliest approaches used to remove SC was the sequential application of a tape to skin surface to peel away SC layers. The approach although effective is difficult to standardize. Nonetheless, various studies using this approach of vaccination have shown enhanced delivery of vaccine antigens and increased antibody responses. In one such study, inactivated influenza virus was topically applied to tape-stripped skin to generate protective immunity against lethal virus challenge [17] .
Abrasion-
In this approach, a rough surface is rubbed across the skin to produce a sandpaper effect and remove SC. A wet patch containing vaccine is then typically applied on the treated skin [9] . In one study, the ability to use a dry patch containing influenza vaccine was tested and was found to be as effective as a wet patch in inducing serum anti-influenza antibodies [18] . The approach, while effective, required co-delivery of adjuvants including heat labile enterotoxin and cholera toxin, both of which can pose safety concerns for humans due to their inherent toxicities.
3.2.3
Thermal ablation-With technological development, novel microdevices have been developed that utilize thermal energy to ablate SC. For example, in one design, electrical resistors are used to heat SC and ablate it. This enables creation of microholes in the SC barrier across which topically applied vaccines can be delivered into the skin. In one such study, influenza vaccine was delivered into the skin with CpG as adjuvant, which provided protection against a lethal dose of pandemic influenza virus [19] .
Microdermabrasion-Microdermabrasion
is a cosmetic procedure to resurface skin to improve its look by removing scars or acne. Sharp multi-faceted inorganic microcrystals are projected at high velocity cutting away skin layers, and are collected in a waste container. This approach has recently been fine-tuned to allow controlled removal of SC layer [20, 21] . The approach has also been used to demonstrate enhanced uptake of MVA virus and generation of antibodies toward it [20] .
SC penetration
In this approach, SC, the barrier layer is penetrated to bypass its barrier properties and to deliver the vaccine molecules directly beneath the SC layer.
Jet injectors-
In this approach, a stream of liquid containing the vaccine is discharged into the skin at a high velocity. The momentum of the stream enables the fluid to penetrate across the SC resulting in vaccine delivery into the skin [22] . This approach has been used to deliver millions of vaccine doses especially during mass vaccinations. However, due to risk of cross contamination, its usage for vaccination remains questionable. This is despite multiple innovations in design, which have been made to enhance safety [22] . In addition to various diseases, such as polio, small pox, and tetanus, jet injectors have been successfully used to vaccinate against influenza [22] .
Gene gun-
In this approach, gold particles a few micrometers in diameter are coated with a DNA expressing the vaccine antigen and bombarded into the skin. The DNA is transiently expressed by keratinocytes and other skin cells, enabling presentation by APCs located in the skin. This strategy has been exploited to deliver vaccines against a host of infectious diseases including influenza [23, 24] .
Microneedles-Microneedles
are sharp microstructures measuring a few hundred micrometers in length that can painlessly [25] penetrate the SC to deliver vaccines. Both solid and hollow configurations of microneedles have been used for vaccine delivery ( Figure  3 ). In one approach solid microneedles are inserted into the skin to create microholes in the SC, on which a vaccine can be applied [26] . In a second approach vaccine is encapsulated in a polymeric microneedle, which upon insertion in the skin can either dissolve or be separated from the patch leaving the microneedles deposited in the skin. The separated microneedles can then slowly degrade releasing the vaccine [27] . In a third approach the vaccine formulation is coated on solid microneedles, which upon skin insertion can enable dissolution of the coating depositing the vaccine in the skin [28, 29] . In another approach, hollow microneedles have been developed that enable injection of vaccine into the skin [27] .
Microneedles for skin immunization against influenza
The delivery of whole inactivated influenza virus (WIV), which is large enveloped particles to the skin by the simple topical application, such as tape abrasion, was ineffective in inducing immune responses because 50 -100 µg of vaccines were needed to induce detectable levels of antibodies [17] . As an alternative skin delivery method to topical application, intradermal injection of influenza vaccines using needles and syringes or microinjection systems has been widely studied in humans [30, 31] . To reduce discomfort associated with needlesticks, microneedles are designed to deliver compounds into the skin. The use of microneedles makes it feasible to deliver high-molecular-weight vaccines through the skin barrier. Such compounds delivered to the skin using microneedles include bovine serum albumin, oligonucleotides or plasmid DNA vaccines, latex particles of viral dimensions, and recombinant bacterial proteins [32] [33] [34] [35] . In addition to solid microneedles ( Figure 3A -C), hollow microneedle devices ( Figure 3D ) have also been developed.
Using solid vaccine-coated microneedles, dry coating of WIV onto solid microneedles was evaluated in mice [36] . In this study, 10 µg of inactivated whole influenza H1N1 virus was successfully delivered to the mouse skin, with vaccine delivery efficiency of approximately 90%. Vaccine-specific antibody responses and protection were induced in mice immunized in the skin at a comparable level as the standard intramuscular (IM) vaccination [36] . Also, in a similar study, dry coating of microneedles with inactivated H3N2 influenza virus was used to deliver 3 -10 µg of WIV vaccine to the skin, which showed comparable immunogenicity to results using standard IM injection [37] . However, requirements for high doses of influenza vaccines were postulated to be due to stability problems associated with dry coating of lipid-enveloped WIV vaccines onto solid microneedles. Therefore, approaches for stabilization of vaccines during coating were investigated as described subsequently.
Stabilized formulations of microneedle-coated viral vaccines
Influenza vaccines provide a useful system for investigating the stability and optimization of microneedle vaccines by utilizing the easy and reliable assay of hemagglutination activity, which measures the functional and structural integrity of influenza virus hemagglutinin (HA) for receptor binding. Microneedle coating and drying were found to result in a significant loss in the stability of the influenza vaccines, as evidenced by a decrease in influenza vaccine hemagglutination titers, possibly due to the phase change from a liquid to solid formulation [38, 39] . New formulations were, therefore, developed to stabilize hemagglutination activity of microneedle influenza vaccines [39, 40] . Many carbohydrate compounds were screened, and addition of trehalose (a disaccharide) was found to maintain the hemagglutination activity of influenza vaccines during the microneedle dry coating process. Studies of stabilized and un-stabilized solid microneedle influenza vaccines provided evidence that functional integrity of HA in the influenza vaccine was critically important in determining the quality of host protective immune responses to microneedle vaccination in the skin as well as the protective efficacy [39] . As a result of stabilization, as low as 0.4 µg of inactivated influenza (A/PR8, H1N1) virus vaccine coated onto microneedles was able to confer complete protection, which was superior to IM immunization with the same vaccine [39, 40] . Un-stabilized solid microneedle vaccines induced much weaker protection. The trehalose sugar itself does not have an adjuvant effect, as vaccines (not exposed to microneedle coating) induced similar antibody responses after IM immunization in the presence or absence of trehalose [39] . These studies indicate that trehalose plays a critical role as a stabilizing agent in retaining hemagglutination activity of influenza vaccines during coating and drying during preparation of coated microneedles.
Mechanistic studies on stability loss during microneedle influenza vaccine coating demonstrated that crystallization and phase separation of the microneedle coating matrix damages influenza vaccine coated onto microneedles [41] . Transmission electron microscopic examination similarly showed morphological changes of the inactivated virus, suggesting damage to vaccine integrity in unstabilized microneedle vaccines after dry coating. A further study found that trehalose and a viscosity enhancer were beneficial coating excipients, but the inclusion of a surfactant was detrimental to vaccine stability [42] . Retaining the receptor-binding functional activity of the HA protein antigen in influenza vaccines was critical for the effective induction of protective immune responses. Vaccination in the skin of mice using stabilized microneedle patch, therefore, elicits improved protective immunity with reduced vaccine doses.
Co-formulation with the disaccharides trehalose and sucrose was also demonstrated to stabilize viral vector vaccines during the dry-coating process. The inclusion of trehalose and sucrose in the coating formulation for Nanopatch microprojections stabilized, simian adenovirus serotype 63 and the MVA poxvirus expressing malaria antigens, which was successfully applied to humans [6] . In addition, this recombinant adenovirus vector vaccine coated onto the Nanopatch microprojections was stored for 10 weeks at 37°C without much loss in viability [6] . In addition, this solid Nanopatch microprojection was used for skin delivery of a licensed influenza vaccine (Fluvax 2008 ® ) with saponin Quil-A adjuvant [43] . The skin delivery of influenza vaccines and adjuvants showed equivalent immunogenicity to IM immunization [43] .
Microneedle-based delivery of split and subunit influenza vaccines
Despite the fact that whole influenza virus was found to be more immunogenic compared to other forms, its use was discontinued in most countries and replaced with less reactogenic split or subunit influenza vaccines [44] [45] [46] [47] . While these split or subunit vaccines have been proven to be safe, several studies have demonstrated decreased immune responses after IM administration, especially in children, the elderly, or immunocompromised individuals [48] [49] [50] . The usual target for influenza vaccination is the deltoid muscle. However, this tissue contains limited numbers of APCs, such as dendritic cells and macrophages, and lacks MHC class II expressing cells, resulting in a reduction in T-cell activation as well as in humoral and cellular immune responses [51] . In contrast, the skin represents an ideal target for vaccine delivery because it contains large numbers of immunologically active cells and APCs that will take up the antigen and migrate to the proximal lymph nodes, where naïve T and B cells are activated to initiate adaptive immune responses [37] . Indeed, studies using WIV for skin immunization of experimental animals using antigen-coated metal microneedle patches resulted in strong humoral and cellular immune responses, and improved serological memory and long term protection compared to the conventional routes of vaccine delivery [37, 51, 52] .
In a study using metal microneedles coated with licensed influenza subunit vaccines the magnitude and longevity of immune responses has been investigated [53] . Vaccination of mice by the IM route elicited peak antibody titers at week 8, whereas a parallel MNimmunized group elicited the highest responses at week 12. At a later time, 36 weeks postimmunization, 37.5% of the IM vaccinated animals exhibited a decline in titers below protective levels (HAI < 40). Delivery of subunit influenza vaccine through the skin using MN or through IM injection also induced high levels of neutralizing antibody titers in both vaccinated groups. The antibody responses in the MN group peaked at 12 weeks postimmunization at a threefold higher level when compared to the IM group. These results demonstrate that stronger immune responses are induced after MN delivery of influenza subunit vaccine, compared with IM delivery. To evaluate the longevity and efficacy of subunit influenza vaccine in conferring protection after a single immunization through the skin versus the muscle, cohorts of vaccinated mice were challenged with mouse-adapted virus at intervals post vaccination. At 4 or 12 weeks post immunization, both vaccinated groups were fully protected against lethal challenge and showed little reduction in body weight. However, at week 36 post immunization, the MN group remained fully protected against virus challenge, exhibiting an average body weight loss of 5% and 100% survival. In contrast, the IM group was only partially protected, with a mortality rate of 40% and an average body weight loss of 15% in mice that survived the challenge. These findings demonstrate that skin immunization using metal microneedles coated with an influenza subunit vaccine induces longer-lived immunity capable of conferring full protection and survival against lethal challenge with homologous virus, at least up to 36 weeks after a single immunization.
Similar effectiveness of subunit vaccines was observed in hairless guinea pigs [54] . In this study, microneedles coated with a commercial trivalent vaccine led to hemagglutination inhibition titers similar to those obtained from IM injection of the unprocessed vaccine.
BD Soluvia™ is a prefillable delivery system that is integrated with a 1.5 mm long hollow needle, which enables intradermal delivery of a drug or vaccine. Clinical trials of this device demonstrated that the system was safe and easy to use [55] . Recently, it was demonstrated in several clinical studies that the trivalent split inactivated influenza vaccines can be delivered intradermally using this device, and that a dose-sparing effect was achieved [56, 57] . This intradermally delivered vaccine has now been approved for use in Europe and in the US [55] , and provides an approach for skin immunization.
Microneedle-based delivery of influenza virus-like particles
Virus-like particles (VLPs) are multi-subunit protein complexes capable of self-assembly, forming structures that mimic the morphology and structural conformation of native viruses [58] . VLPs do not contain viral genetic material and are non-infectious particles. Compared with vaccines based on attenuated or inactivated viruses, VLP vaccines are considered safer as they help avoid the possible reversion of an attenuated vaccine strain or potential incomplete inactivation of a live virus [58] . The first human vaccine manufactured using recombinant DNA technology was the enveloped hepatitis B vaccine produced in yeast [59] . Hepatitis small envelope protein antigen has the property of self-assembly to form VLPs of approximately 22 nm [60] . Human papillomavirus (HPV) VLPs produced in yeast or insect cells were highly immunogenic and protective, resulting in successful prevention of HPV infection and approval for human use [61] . The repetitive arrays of antigenic target molecules on the surface of VLPs are recognized by the immune system, inducing strong humoral and cellular responses. Thus, VLPs are able to induce B cell-mediated immune responses that produce high titers of neutralizing antibodies and a cytotoxic T lymphocyte response in the absence of adjuvant [62] .
Influenza HA is responsible for attachment of the virus to sialic acid-containing receptors on target cells and is the major antigenic target for inducing protective immune responses. Influenza VLPs containing HA were shown to be highly immunogenic, inducing protective immunity [58] . Thus, they were suggested to be promising vaccines alternative to traditional platforms of inactivated influenza virus or live attenuated influenza vaccines. Influenza VLP vaccines derived from the 2009 H1N1 pandemic virus or H5N1 avian-origin pandemic potential virus have been successfully tested in clinical trials [63] [64] [65] .
Similar to results with whole inactivated virus, use of trehalose sugar in the microneedle coating with influenza HA VLPs (H1N1, A/PR/8/34) preserved hemagglutination activity, providing further evidence that trehalose stabilized the HA protein [66] . Microneedle immunization of mice in the skin with a single dose of stabilized influenza VLPs induced 100% protection against lethal infection, whereas unstabilized microneedle VLP vaccine induced only partial protection [66] . HA stabilization, combined with vaccination in the skin using a solid-formulated microneedle patch, conferred superior protection to IM injection, potential dose sparing effects and rapid recall immune responses against influenza virus [66] . This correlation between the functional integrity of HA and protective immunity against influenza was further supported by studies with other influenza vaccines, such as H1N1 and H5N1 VLP vaccines [38, 67, 68] . Among the immunologic data, the recall immune responses with microneedle vaccination in the skin were significantly stronger than those found by IM immunization, and were consistently observed with both whole inactivated 2009 H1N1 pandemic influenza virus and VLP vaccines [39, 51, 69] . Protective immunity by microneedle immunization in the skin with stabilized influenza VLP vaccine was maintained for over 14 months after a single dose [70] . Therefore, the microneedle delivery of vaccines to the skin can be applied to a broad range of influenza vaccines and is effective at inducing long-term protective immunity.
Microneedle-based delivery of influenza DNA vaccines
Manufacturing of DNA vaccines can be rapid and inexpensive because of simple molecular cloning and bacterial culture techniques, compared with egg-based methods currently used for conventional influenza vaccines. DNA vaccines against influenza viruses have been studied in animal models and in humans [71, 72] ; however, they are often weakly immunogenic [73, 74] . Various alternative approaches have been used to improve their delivery and immunogenicity, including jet injection [75] , electroporation with injection [16] , gene gun [76] , transcutaneous DNA vaccination [77] , and microneedle delivery [78] . The gene gun has received attention specifically for DNA vaccination in the skin [76] . In particular, gene gun or electroporation delivery of polyvalent DNA vaccines to the skin of pigs was effective in inducing protective immunity to influenza viruses [78] .
Solid microneedle coating and delivery of DNA vaccines encoding herpes simplex virus or hepatitis virus antigens were demonstrated to enhance antibody responses probably by targeting skin dendritic cells [79, 80] . Also, influenza H5 HA encoding plasmid DNA vaccines were more immunogenic when delivered to the skin using microneedles than by IM immunization with the same DNA vaccine [81] . The viscosity-enhancing ingredient carboxymethylcellulose is an essential component for effective solid microneedle coating formulation for inactivated whole virus or VLP vaccines [82] . However, the inclusion of carboxymethylcellulose in the microneedle coating formulation was found to negatively affect antigen production by DNA vaccines [81] . Because of the high molecular weight and viscous property of DNA vaccines, coating of microneedles with naked DNA vaccines in the absence of other excipients (carboxymethylcellulose, detergent) was feasible and found to be effective [83, 84] . Delivery of microneedle-coated DNA vaccines to the skin also conferred dose sparing effects and induced improved protection compared to IM immunization [83] . In a novel formulation for a dual component vaccination strategy, the viscous solution property of a DNA vaccine itself enabled its use as a coating solution for inactivated whole virus vaccine [84] . Skin delivery of microneedles coated with these vaccine components and additional excipients, showed increased immunogenicity as well as cross-reactive antibodies and broader cross protection against a heterologous influenza virus [84] .
A different design of microneedle was also used to deliver DNA vaccines to the skin. A solid microprojection device called a Nanopatch™ contained thousands of short (110 µm) projections (70 µm spacing) [85] . DNA vaccines encoding herpes simplex virus antigen were successfully administered to the skin of mice using the Nanopatch device [86] . Protective immune responses were induced with solid, short, densely packed arrays of microprojects coated with DNA vaccines applied to the skin [86] . In addition, the efficacy of a Nanopatch-coated DNA vaccine for West Nile virus was demonstrated [85] . Thus, various microneedle vehicles can be developed as skin delivery systems for DNA vaccines.
Microneedle-based delivery of stabilized recombinant influenza HA antigen
An alternative approach for expediting and simplifying production of influenza antigens is the use of recombinant expression systems; however, because of the inherent instability of the HA antigen, this can result in loss of antigenic properties. Therefore, it is of interest to develop approaches that would stabilize the HA antigen in the form of its native trimeric structure [87] , such that HA can remain stable upon conversion to dry state either when it is incorporated in dry films of coated microneedles, or upon encapsulation in dry solid polymeric microneedles. It was observed that a modified form of soluble HA which contained a GCN4pII trimerization repeat stabilized the trimeric structure of the HA protein.
Transdermal delivery of the stabilized trimeric influenza HA from the H3 virus A/Aichi/ 2/68 via coated microneedles was used for skin immunization [87] .
As maintenance of the native trimeric structure is important for maintaining immunogenicity when used for skin immunization, it was determined if the structure of sHA. GCN4pII was disrupted by the microneedle coating process. The sHA.GCN4pII protein dissociated into dimeric and monomeric species in the absence of a stabilizer. However, the trimeric structure was maintained when 15% trehalose was added to the coating buffer. These data suggest that the trimeric sHA protein structure is disrupted during the microneedle coating and drying process; however, the structure is preserved by the addition of trehalose to the coating solution [87] .
Mice vaccinated with sHA.GCN4pII had higher virus-specific serum IgG titers than mice boosted with sHA (p = 0.0032), indicating the enhanced immunogenicity of the HA stabilized in its trimeric native form. In addition, 28 days after boosting with sHA.GCN4pII, 3.7-fold higher IgG titers were observed compared with mice boosted with sHA (p < 0.0001). To determine the induction of mucosal responses by microneedle vaccination with recombinant soluble HA, sIgA levels were measured in vaginal washes by ELISA. After boosting, the sHA.GCN4pII vaccinated mice had approximately sevenfold higher sIgA titers than mice vaccinated with the purified unmodified sHA [87] .
To determine the protective efficacy of microneedle vaccination with recombinant soluble HA, vaccinated mice were administered intranasally with 5 × LD 50 of mouse adapted homologous A/Aichi/2/68 virus. Microneedle vaccination with sHA.GCN4pII conferred 100% protection while a similar immunization of sHA conferred only 50% protection. Mice vaccinated with sHA.GCN4pII-coated microneedles had no detectable viral lung titers at 4 days post-challenge, representing a reduction of over 10 6 -fold compared with the unimmunized group (p < 0.001). In contrast, mice vaccinated subcutaneously with sHA.GCN4pII had a residual virus titer of about 10 2 pfu/g, demonstrating less efficient reduction of virus replication. These data support the conclusion that the microneedle route of vaccination induces improved clearance of replicating virus for a recombinant HA vaccine compared to the subcutaneous route, increasing the efficacy of such vaccines.
Microneedle-based delivery of adjuvanted influenza vaccine
Although a number of studies have been reported on influenza vaccine delivery using microneedles, there is little information on the effects of adjuvants using this approach for vaccination. Some types of widely used adjuvants which are lipid-based are likely to interfere with incorporation of a vaccine into the delivery system. Therefore, the use of tolllike receptor ligands as adjuvants was investigated with skin-based delivery of influenza subunit vaccine [88] . BALB/c mice received monovalent H1N1 subunit vaccine alone or with 1 µg of imiquimod or poly(I:C) individually or in combination via coated microneedles patches inserted into the skin. Whereas poly(I:C) adjuvanted subunit influenza vaccine induced similar immune responses to the non-adjuvanted vaccine, imiquimod-adjuvanted vaccine elicited higher levels of serum IgG2a antibodies and increased hemagglutination inhibition titers, suggesting enhanced induction of functional antibodies. In addition, imiquimod-adjuvanted vaccine induced a robust IFN-γ cellular response. These responses correlated with improved protection compared to influenza subunit vaccine alone, as well as reduced viral replication and cytokines in the lungs, and provide support for pursuing further studies using adjuvants to enhance skin immunization. In another recent study, saponin Quil-A was used as an adjuvant with a licensed influenza vaccine. Anti-influenza IgG antibody and HA inhibition responses induced by very low antigen doses, 6.5 ng of vaccine with 1.4 µg of Quil-A induced similar responses to conventional IM injection with 6000 ng of vaccine injected without adjuvant. The antigen dose-sparing effect demonstrates marked improvement to vaccines by co-delivery of both antigen and adjuvant directly to the skin [43] . Importantly, several hundred-fold dose sparing of influenza vaccine antigen was obtained by Nanopatch delivery of both antigen and the saponin Quil-A adjuvant [43] . Thus, co-delivery of antigen and adjuvant to the skin immune cells provided significant dose sparing effect.
Nature of immune response to microneedle-based delivery of influenza vaccines
Un-stabilized solid microneedle vaccines induced IgG1 antibody as the dominant isotype indicating T helper type 2 (Th2) immune responses [39] . However, use of stabilized microneedle vaccines maintaining hemagglutination activity shifted the pattern of antibodies to the IgG2a isotype implicating Th1 immune responses [38, 39] . Also, microneedle vaccination induced higher levels of IFN-γ cytokine-secreting splenocytes compared to IM immunization upon MHC II peptide stimulation [39, 40] . Enhanced MHC II-associated CD4 + T helper cell responses could be important to provide protection especially in the elderly. Microneedle vaccination in the skin increased trafficking of dendritic cells to regional lymph nodes, probably contributing to effective induction of T and B cell responses [89] . Within 12 h after microneedle vaccine delivery to the skin, increased levels of cytokines, which are important for recruitment of neutrophils, monocytes, and dendritic cells, were observed at the site of immunization [90] . These cytokines included interleukin-1β, macrophage inflammatory protein-1α and 2, tumor necrosis factor-α, monocyte chemoattractant protein-1, granulocyte colony-stimulating factor, interferon γinduced protein-10, leukemia inhibitory factor, and neutrophil chemoattractant. Also, microneedle delivery of influenza vaccines resulted in prolonged antigen deposition, and migration of matured dendritic cells bearing influenza virus antigen from the skin [90] . The prolonged antigen deposition could contribute to the sustained antibody levels and long-term protection after microneedle skin vaccination [70, 91] .
Some lymphoid dendritic cells are more likely to induce Th1 type immune responses via receptor-mediated uptake of vaccine antigens, whereas macrophage cells typically induce Th2 type responses via non-receptor-mediated uptake of vaccines [92] . Therefore, maintaining the receptor binding activity of the HA protein is expected to be important for interaction with antigen-presenting cells with sialic acid receptors as well as presenting conformational epitopes for the induction of functional antibodies with hemagglutination inhibition activity. This may explain why trehalose-stabilized microneedle vaccines are more effective in inducing IgG2a isotype (Th1) immune responses than un-stabilized microneedle influenza vaccines in which a loss in hemagglutination activity occurs. After uptake of transdermally delivered antigens, skin-derived dendritic cells traffic to the local and systemic lymphoid organs, such as the lymph nodes and spleen [93, 94] . A better understanding of each component in the coating formulation and further detailed immunologic study will help to develop more effective skin delivery of influenza vaccine.
It is possible that the skin's abundant immune cell populations, such as dermal dendritic cells, would be also effective in inducing CD8 T cell responses. Delivery of a model subunit protein (ovalbumin) using a densely packed microprojection array (Nanopatch) was shown to enhance the CD8 T cell responses when compared to IM injection [95] .
Microneedle delivery of influenza vaccines to human skin in vitro
Although many studies on microneedle influenza vaccines were done using the mouse model, there are significant differences in the skin architecture and immune system between mice and humans [96] . In addition, the microneedle vaccines aim to target specific layers in human skin. Therefore, it is extremely valuable to understand immune activation in the actual human skin environment after microneedle targeting of vaccine to the skin epidermis.
An ex vivo human skin organ culture system [32, 97] was utilized to investigate the response of human skin to microneedles coated with influenza VLP vaccine candidates [98] . Dendritic cells are professional APCs, which are highly efficient at taking up antigens from the surrounding milieu, trafficking to peripheral lymphoid tissues, and activating naïve T cells [99] . LCs are a type of dendritic cells that migrate from the site of antigen uptake to activate T cells. LCs are spread over the entire skin surface, forming a network with many characteristic dendritic protrusions [100] .
Application of microneedles coated with influenza VLP vaccines resulted in a consistent pattern of puncture of the ex vivo human skin, through the epidermis into the upper reaches of the dermis, thereby targeting the resident APCs including the LCs of the epidermis and dermal dendritic cells [98] . LCs display a highly dendritic morphology, suggesting that they have limited potential for transport between tightly packed epidermal keratinocyte layers. Delivery of microneedles coated with influenza VLP vaccines to the human skin ex vivo or intradermal delivery of influenza VLPs resulted in a significant reduction in dendrites of LCs when compared with untreated skin at 24 -48 h [98, 100] . Both microneedle delivery and intradermal delivery of influenza VLPs stimulated LCs to retract their dendrites, facilitating their physical movement through the epidermis. To obtain better insight into molecular changes at the level of gene expression, the results of microarray analysis (47,296 discrete transcripts) were determined with viable human skin samples after intradermal delivery of influenza VLPs or skin immunization using microneedles coated with influenza VLPs [101] . Host genes responsible for key immunomodulatory processes and host antiviral responses were found to be up-regulated, including genes associated with cell recruitment, activation, migration, and T cell interaction, following either intradermal or microneedle delivery of VLPs to the human skin. These results using human skin are consistent with those showing improved protection using animal models.
Conclusion
Microneedle technology offers multiple advantages over other methods for vaccine delivery to the skin. Microneedles are painless, minimally invasive, can be self-applied, offer convenience of use, and do not require bulky and/or expensive accessories and power to operate. In contrast, other technologies, such as gene gun, jet injectors, ultrasound electroporation, thermal abrasion or microdermabrasion, require either a continuous supply of a carrier fluid such as argon gas, or require electrical power to operate. These constraints severely limit their applicability in remote regions and the developing world. Recent findings show that improved protective immunity and longer duration of immunity can be induced by a variety of vaccines, particularly for influenza prevention, and support the development of this technology for use in annual vaccination as well as for prevention of future viral pandemics. Nonetheless, there is still a significant gap in developing affordable and marketable vaccines which are well suited for cutaneous application to humans. Future studies should be directed to developing effective devices for coating vaccines onto microneedle patches and methods for incorporation of antigens into dissolving microneedles, further improving the stability of vaccines in dry formulations, and performing more extensive preclinical studies in relevant larger animals and clinical trials in human subjects.
Expert opinion
Intradermal delivery of vaccines is a promising alternative to the conventional IM route because of its immunological and practical advantages. Immunological advantages may depend on several factors, such as the type and dose of vaccine, and the different ages and immune status of subjects. In particular, it is important to determine if high-risk populations, such as the elderly and children, may generate improved immune responses after intradermal vaccination. Dose sparing is another potential benefit of intradermal delivery, thus reducing the cost of vaccines and increasing vaccine availability in response to pandemics or outbreaks, when demand is high and vaccine manufacturing facility capacity is limited. A number of clinical trials have shown comparable efficacy to IM immunization using reduced intradermal dosages of vaccines. It is important to keep in mind that dose reductions might also be achievable via the IM or subcutaneous route of vaccines by the use of adjuvants.
Development of solid vaccine-coated microneedles has enabled detailed immunological and dose sparing effects by targeting vaccines to the skin using small animal models, particularly mice. Solid microneedle vaccination in the skin confers protective immunity with various forms of vaccines including whole inactivated virus, split vaccine, subunit vaccine, live attenuated virus, and DNA vaccines. These preclinical studies demonstrated dose sparing, immunological advantages, and long-term protective immunity. However, there may be a significant gap between solid microneedle vaccines used in animal studies and appropriate application devices for human use, especially if self-administration is a goal. It should be noted that mice have very different skin properties from those of humans. Thus, it is important for studies to be extended to more relevant animal models (pig, guinea pig, and monkey models) that are expected to have skin properties that more closely resemble those of humans. Certainly, testing of microneedle administration of vaccines in humans is the most important objective, and such studies are anticipated in the near future.
Substantial issues still need to be overcome to enable the development of coating and manufacturing technologies for vaccine-coated microneedles suitable for mass vaccination.
The process of coating solid microneedles with vaccines involves a phase change from a liquid to solid formulation, which could represent an issue for retention of vaccine immunogenicity. On the other hand, once a dry formulation is achieved, it is anticipated that its stability will be significantly enhanced, such that a 'cold chain' may no longer be required during transport and storage. Each type of vaccine preparation needs to be tested for its stability by in vitro assays as well as efficacy in animal models.
Several other future directions are anticipated to offer significant advantages for skin immunization with microneedles. Incorporation of adjuvants into the vaccine formulation offers the potential for delivery of antigen and adjuvants to the same localized site, which could further reduce the required vaccine dose and enhance the resulting immune response. This approach is of particular interest for use with antigens that have exhibited low immunogenicity, such as those of avian influenza viruses, which have recently caused outbreaks of human disease. The development of microneedles formulated from dissolvable polymers also represents an important advance, because such devices would eliminate the potential hazard resulting from residual sharp protrusions, and they will, therefore, be more appropriate for development of self-administered vaccines. It is conceivable that in pandemic situations, such devices, which also do not require refrigeration, could be rapidly distributed to the population via mail to achieve rapid mass vaccination.
Article highlights
• Preparedness for influenza pandemics could benefit from the emerging microneedle technology, which allows delivery of influenza vaccines to the skin. Microneedle-based delivery of different influenza antigens, including split influenza, virus-like particles, DNA vaccines, and recombinant antigens, has been shown to be protective in animal models against lethal influenza challenge.
• Microneedle-based skin vaccination resulted in better protection and survival upon lethal influenza challenge as compared to intramuscular vaccination in mice.
• Not only can microneedles enable painless delivery of influenza vaccines to the skin, but they also have potential for dose sparing, which could allow vaccination of larger population in case vaccine supplies are limited.
• Stimulation of proinflammatory cytokines at the site of microneedle-based vaccination, increased deposition time of vaccine antigens in skin, and enhanced migration of dendritic cells could all contribute toward the enhanced immunogenicity observed with microneedles.
• Similar to mouse skin, ex vivo viable cultures of human skin demonstrated similar migration characteristics of dendritic cells as mouse skin, suggesting a similar mechanistic expectation and immune response in humans.
• In conclusion, microneedles offer a simple, easy-to-use and potent vaccination approach for influenza vaccination. To fully develop this system for clinical translation, additional studies in humans are needed to assess their effectiveness.
This box summarizes key points contained in the article. 
